The HIV Resistance Response Database Initiative (RDI), which comprises a small research team in the United Kingdom and collaborating clinical centers in more than 15 countries, has used antiretroviral treatment and response data from thousands of patients around the world to develop computational models that are highly predictive of virologic response. The potential utility of such models as a tool for assisting treatment selection was assessed in two clinical pilot studies: a prospective study in Canada and Italy, which was terminated early because of the availability of new drugs not covered by the system, and a retrospective study in the United States. For these studies, a Web-based user interface was constructed to provide access to the models. Participating physicians entered baseline data for cases of treatment failure and then registered their treatment intention. They then received a report listing the five alternative regimens that the models predicted would be most effective plus their own selection, ranked in order of predicted virologic response. The physicians then entered their final treatment decision. Twenty-three physicians entered 114 cases (75 unique cases with 39 entered twice by different physicians). Overall, 33% of treatment decisions were changed following review of the report. The final treatment decisions and the best of the RDI alternatives were predicted to produce greater virologic responses and involve fewer drugs than the original selections. Most physicians found the system easy to use and understand. All but one indicated they would use the system if it were available, particularly for highly treatment-experienced cases with challenging resistance profiles. Despite limitations, the first clinical evaluation of this approach by physicians with substantial HIV-experience suggests that it has the potential to deliver clinical and economic benefits.
Introduction
T he current objective of combination antiretroviral therapy for HIV infection is long-term suppression of circulating virus to below the limit of detection of the assays currently in widespread use, typically 40 or 50 copies of HIV RNA per milliliter. 1, 2 Despite the availability in wellresourced health care settings of approximately 25 antiretroviral drugs, treatments continue to fail, often with the emergence of drug-resistant virus, necessitating a change in therapy. Resuppressing the virus and maintaining it at low levels for the lifetime of the patient requires careful choices to overcome drug resistance, stay one step ahead of viral evolution, minimize toxicity, and facilitate the patient's adherence. Faced by the sheer complexity of resistance, the number of potential drug combinations available and the competing clinical and economic considerations affecting the treatment decision, the intelligent, individualised sequencing of antiretroviral therapy is highly challenging. 3 For physicians with limited experience or resources, antiretroviral treatment decision-making can become even more difficult.
The standard of care in well-resourced settings is to monitor the patient's viral load regularly, with detection of an increase often triggering a change of antiretroviral drug 1 The HIV Resistance Response Database Initiative (RDI), London, United Kingdom. therapy. A genotypic resistance test is usually ordered to identify the point mutations that may confer drug resistance. The interpretation of the genotype is complex and is usually performed using rules-based interpretation software that relates point mutations to single drug susceptibility. 4 However, there is no gold standard interpretation system: different systems provide different interpretations and do not always concur well. [5] [6] [7] [8] [9] Moreover, it is difficult to relate the predicted susceptibility to individual drugs to the likely relative responses to potential drug combinations: raw genotype sensitivity scores being significant but relatively weak predictors of virologic response. [11] [12] [13] [14] Bioinformatics have been used most commonly to predict phenotype from genotype and then relate a cutoff in predicted phenotype to a categorical response. 15, 16 Again, it is difficult to relate this categorical prediction for an individual drug to the relative responses that may be achieved with different candidate combinations.
Models that provide a quantitative prediction of virologic response to combination therapy, rather than to individual drugs, directly from the genotype and other information may offer a potential clinical advantage. However, this can be challenging given that a very large dataset is required to accommodate multiple possible drug-genotype permutations with their respective drug response data. 17 The HIV Resistance Response Database Initiative (RDI) was established in 2002 to be the global repository for data, collected from clinical practice around the world, required to develop such models. 18 Currently we have collected data from approximately 65,000 patients. We have previously trained computational models using subsets of these data to predict virologic treatment response from genotype, viral load, CD4 cell count, and treatment history. When tested with independent retrospective data, the models have proved accurate, with correlations between the predicted and actual changes in viral load (DVL) in excess of 0.8 (r 2 ! 0.65). 19 More recently, models trained to predict the probability of a regimen reducing the viral load to less than 50 copies per milliliter have achieved accuracy and an area under the receiver operating characteristic (ROC) curve (AUC) of 0.80 and above, which compares favorably with the AUC values of 0.60-0.65 typically achieved by common rules-based genotype interpretation systems. 11, 20 In addition the models are able to identify alternative combinations of antiretroviral drugs that are predicted to be effective for a substantial proportion of cases that resulted in virologic failure in the clinic and that were predicted to fail by the models. 21 These results suggest that computational models may have a useful role as an aid to antiretroviral treatment decisionmaking. Before making such models available, however, it is clearly important to test their potential utility in clinical practice and collect input from HIV physicians with regard to the design of the interface through which such models could be accessed.
Here we report results from two complementary open clinical pilot studies of the use of computational models embedded in a prototype Web-based treatment decisionmaking system. Study 1 was prospective and Study 2 used retrospective data. The common objectives of the studies, which were designed to run in parallel addressing the same research questions, were to evaluate the proportion of HIV physicians that might modify their treatment decisions as a result of using the system (to inform the powering of subsequent controlled trials), to obtain a qualitative assessment of the ease of use of the Web-based interface, and to obtain suggestions from experienced HIV physicians for its improvement.
Methods
The basic package of information that is used for the training of the RDI's models is the treatment change episode (TCE). This comprises key information required by the models from a patient who has had a new antiretroviral treatment started, in order to develop a prediction of virologic response. It includes baseline genotype, viral load, CD4
þ T-lymphocyte (CD4) count, treatment history and time to follow-up as well as the follow-up viral load value: the response variable that the models are trained to predict. For this study, a random forest model and a committee of 10 artificial neural network models were trained to predict the change from baseline viral load (DVL) using data from 3188 TCEs from multiple clinical sources, using methodology previously described. 15, 16 The 82 input variables used to train the models were 58 mutations in the HIV RNA regions encoding protease and reverse transcriptase, 17 (4 variables ) and time to follow-up. The predictions of the models were combined (arithmetic mean) and the performance of the system tested using an independent set of 100 TCEs. The models' predictions correlated with the actual DVL values of the test TCEs with a coefficient of 0.83 (r 2 ¼ 0.68) and a mean absolute difference of 0.49 log 10 copies per milliliter. 16 An online treatment decision tool was developed through which physicians in the participating centers could access the models described above via an interface on the RDI website using password-protected user accounts. Data, including all the input variables required by the models as described above from patients requiring a treatment change (viral load > 3 log 10 copies per milliliter on current antiretroviral regimen) were entered by the participating physicians online, together with the physician's intended next treatment and any contraindicated drugs that the physician wanted excluded from the modeling. These baseline data were delivered to the computational models, which produced predictions of 12-week virologic response to the regimen that the physician intended to use plus alternative regimens that are in clinical use (as determined from the RDI database), excluding any drugs that the physician had ruled out for toxicity or other reasons. The system produced a pdf report listing the baseline data plus the predictions of responses for the physician's treatment intention and the five regimens predicted by the models to be most effective from the range of alternatives in the following three categories:
1. No more drugs* than the physician's selection 2. No more than six drugs* 3. No more than six drugs* including any contraindicated drugs *excluding ritonavir as a booster of protease inhibitors 30 LARDER ET AL.
Regimens were listed on the report in order of predicted DVL, grouped into 0.5 log 10 bands. When regimens with different numbers of drugs were predicted to produce the same virologic response, precedence was given to the simpler regimen. The physician's original selection was listed among the RDI alternatives in the rank position corresponding to the models' prediction of DVL. Having reviewed the report, the physicians were then required to enter their final treatment decision. The 12-week virologic response to this regimen was modeled and the prediction stored.
Following completion of their cases, participating physicians filled-out an on-line evaluation questionnaire in which they were asked to rate the following attributes of the system:
The ease of use of the Web-based interface. The ease with which the RDI report could be understood.
The utility of the system in helping treatment decisionmaking.
The anticipated frequency with which they would use the system if it were freely available. Finally, they were invited to make suggestions for improvement of the system and indicate for what type of patients they would be most likely to use the system.
The following outcome data were collected and analyzed in both studies:
1. The proportion of treatment decisions that were changed following review of the predictions on the RDI report. 2. Evaluation of the system: a. Ratings of the ease of use, utility and predicted frequency of use of the system b. Evaluation of the number of drugs and the nature of the regimens selected by the physicians before and then after review of the RDI predictions
Participating centers and physicians
The physicians involved in these studies had considerable experience in the management of patients with HIV and AIDS. Study 1, the prospective pilot study was run in two centers, in Canada (BC Centre for Excellence in HIV/AIDS) and Italy (University of Brescia). The participating clinicians were the principal investigators: Dr. Julio Montaner, with more than 20 years' experience and Dr. Carlo Torti, with more than 14 years experience treating patients with HIV and AIDS. Both run clinics with many hundreds of patients. Study 2, the retrospective study, was conducted in the National Institutes of Allergy and Infectious Diseases (NIAID) HIV clinic on the Bethesda, Maryland, campus. The physicians who took part were volunteers from this clinic, the majority of whom had more than 10 years' experience treating patients with HIV and AIDS. All had treated more than 20 patients in the previous 2 years.
Patient/case recruitment for the two studies
In Study 1, patients requiring a treatment change were recruited in real time and underwent informed consent. Twelve weeks after the new regimen was started, the physician obtained and entered the follow-up plasma viral load value and completed an online evaluation questionnaire. The target for recruitment was 150 patients.
In Study 2, clinical data from patients in the participating HIV clinics whose treatment had been changed in the past were stripped of identifiers and information relating to the new regimen and allocated at random to physicians who had not been involved in the treatment of the patients. These data were treated as if they were from new cases of treatment failure and entered in to the system as described above. The target was for 100 cases to be used.
Results

Patient disposition
Study 1: The prospective pilot. Ten male patients had completed the study when it was terminated because of the availability of new drugs (raltegravir, etravirine, and maraviroc) not included in the system. The patients had a mean baseline plasma viral load on failing therapy of 4.1 log 10 copies per milliliter and a mean CD4 count of 367 cells/ mm 3 . They had previous exposure to a mean of 4.4 nucleoside or nucleotide reverse transcriptase inhibitors (NRTIs) and 2.2 protease inhibitors (PIs) with six having previous exposure to a single non-nucleoside reverse transcriptase inhibitor (NNRTI). The mean numbers of mutations relating to NRTIs, NNRTIs, and PIs were 4.7, 0.5, and 4.7, respectively.
Study 2: The retrospective pilot. Sixty-five patients who had had an antiretroviral treatment change in the past were identified from the NIAID and DoD clinics. These cases were allocated to 21 physicians. In order to achieve the target sample size, 39 of the cases, selected at random, were processed twice by two different physicians, to give a total of 104 cases entered. The patients had a mean baseline plasma viral load on failing therapy of 4.75 log 10 copies per milliliter and a mean CD4 count of 322 cells/mm 3 . They had previous exposure to a mean of 3.9 NRTIs, 1.02 NNRTIs, and 2.6 PIs. The mean numbers of mutations relating to NRTIs, NNRTIs and PIs were 3.3, 1.2 and 4.5, respectively.
Outcomes
In Study 1, the physicians changed their decision following the receipt and review of the RDI report in 5 of 10 cases (50%). In Study 2 the treatment decision was changed in 33 of 104 cases (32%). Overall, treatment decisions were changed in 38 of 114 cases or 33%. Based on this, the estimate of the proportion of treatment decisions that would be changed if the RDI system were in use is 33%, AE 8.6% (24.4-41.6%) at the 95% confidence level. The treatment decision was changed to a regimen listed on the RDI report in 5 of these 38 cases but was amended further in the remaining 33 cases for a variety of reasons, including tolerability, physician judgment, patient preference, and an intention to use new drugs.
The first of the secondary outcomes was the physicians' evaluation of the system. The physicians participating in the studies (two in Study 1 and 21 in Study 2) completed an evaluation questionnaire covering the ease of use of the system, its utility as a tool to help with treatment decisionmaking and the predicted frequency of use if it were freely available on the Internet. Each question was followed by five response options. The questions, response options, and results are presented in Table 1 .
CLINICAL EVALUATION OF HIV TREATMENT SELECTION TOOL
Twenty (87%) participating physicians found it easy or very easy to enter their baseline data, two (9%) found it satisfactory and one (4%) registered it as quite difficult. Two thirds (15 or 65%) of participants found the Web interface easy or very easy to use overall. Five more found it satisfactory and three found it difficult or very difficult. All 23 participating physicians found the report at least satisfactory in terms of ease of comprehension, with approximately three quarters (74%) finding it easy or very easy to understand. Five (22%) of the participants found the system quite useful and 11 (48%) satisfactory in terms of its utility in making a treatment decision. Seven (30%) participants did not find the system very useful. One participant (4%) indicated that they would use the system very frequently, 7 (30%) quite frequently, 11 (48%) sometimes, 3 (13%) infrequently, and 1 (4%) never.
The physicians were also asked to suggest improvements for the system and indicate the types of cases for which they would use the system. Responses made by more than one physician are listed in Table 2 .
A comparison of the models' predictions for physicians' initial and final selections and the alternative regimens predicted to be most effective
In this analysis, the system's predictions for the physicians' original treatment selections, the best of the RDI alternatives and the physicians' final selections were compared with one another. The predicted mean and median changes in viral load from baseline are listed in Table 3 .
The results show a clear pattern with the worst virologic responses predicted to result from the physicians' original treatment choices, somewhat better responses predicted for their final decisions, and the best responses predicted for the top RDI alternatives. If only those cases where the treatment decision was changed are considered, the difference between the predicted responses to the original and final selections becomes more marked. For example, the proportions of cases predicted to achieve a reduction in viral load of at least 2 log 10 copies per milliliter or more were 39% for the physicians' original choices, 50% for their final selections, and 58% for the best of the RDI alternatives.
The predicted virologic responses for the best alternatives on the RDI report were significantly greater than those for the physicians' initial treatment selections. The predicted responses for the physicians' final treatment selections showed a nonsignificant trend toward being greater than for their initial decisions. When the subset of 38 cases where the treatment decision was changed was examined, both the physicians' final treatment decisions and the best alternatives were predicted to produce significantly greater virologic responses than the physicians' initial selections.
Analysis of antiretroviral treatments used, selected by the physicians and predicted by the RDI system to be most effective
The numbers of drugs in the physicians' initial and final treatment decisions and in the regimen predicted to give the largest virologic response on the RDI report (Section A) are presented in Table 4 . The mean number of drugs for each category was 3.72, 3.66, and 3.36, respectively. The top RDI alternatives involved a mean of 0.36 fewer drugs per regimen than the physicians' original selections. The proportion of regimens containing no more than three drugs increased from 41% in the physicians' original selections to 46% in their final selections and 70% for the top RDI alternatives from Section A of the report.
When only those cases in which a change in treatment decision occurred were analyzed, the reduction in the mean number of drugs in the final regimen was À0.13. The difference between the original treatment decision and the best of the RDI alternatives was À0.34 drugs. The proportion of regimens containing no more than 3 drugs increased from 32% in the physicians' original selections to 42% in their final selections and 58% for the top RDI alternatives. The mean numbers of drugs for cases where treatments were changed in Study 1, the prospective study, were 4.4, 3.8 and 3.6, a reduction of 0.6 and 0.8 drugs per regimen for the physician's final decision and the top RDI recommendation, respectively.
An analysis of the different categories (by drug class) of regimen involved in the physicians' initial intentions and final decisions and the top RDI predictions are summarised in Table 5 and revealed the following patterns:
More regimens involving a PI and two NRTIs in the RDI top alternatives than were selected by physicians.
No examples of a regimen consisting of a single NNRTI and two NRTIs as the top regimen on an RDI report compared to 11% of physicians' selections A higher frequency of triple class therapy (NRTI, NNRTI and a PI) on the RDI reports (14%) compared with only 2%-4% of physicians' selections. A higher frequency of triple class therapy including enfuvirtide among the physicians' original selections (32%) than in their final decisions (24%) and the RDI reports (23%).
Discussion
The results of these clinical studies indicate that the proportion of treatment decisions made by experienced HIV physicians (using comprehensive clinical and laboratory monitoring including viral loads, CD4 counts and genotypes) for treatment-experienced patients on failing therapy that would be changed if the RDI system were in use is 33% (AE8.6% at the 95% confidence level). This may be a conservative estimate for the following reasons. First, the physicians in this study registered their initial treatment decision before receiving the RDI report. They subsequently had to register their changed decision online, thereby ''admitting'' that their original decision might be improved upon. Second, the system did not cover several of the newer drugs becoming available at the time (raltegravir, etravirine, maraviroc). Finally, the models used in this study and therefore the suggestions of alternatives on the reports provided to the physicians, included older drugs that were being phased out of clinical practice for tolerability issues, including stavudine.
It is noteworthy that in the majority of cases where the treatment decision was changed, the new regimen selected was not one taken directly from the RDI report but one or more further drug changes were made, for reasons of tolerability, physician judgment, patient preference, and a desire to use new drugs. While all of the alternative regimens modeled by the system were in clinical use, some (for example triple class therapy) were considered unusual and rejected for this reason. Restriction of the lists of alternative regimens to be modeled to those that are in most common use could be considered but this could rule out unusual but potentially effective alternatives for those patients with limited treatment options. In addition, the regimens that were finally selected by the physicians were predicted by the models to do relatively well, but they did not make the top five presented on the report. The expansion of the report to include more than five regimens could be considered. Most importantly, the inclusion of the newest drugs in the models would clearly improve the utility of the system. Notwithstanding the fact that most final treatment decisions were not exactly one of the top five alternatives on the report, review of the report led the physi cians to reflect on their treatment decisions and the final decisions reached were improved as a result-with fewer drugs and superior predicted responses.
The RDI system was demonstrably easy to use and the report easily understood by most users. The great majority of participants found it easy or very easy to enter their baseline data, the most onerous part of the user's interaction with the system, with 96% rating it as satisfactory or better. The one physician who found it difficult encountered initial problems accessing the system from within the virtual private network in their clinic, because of security issues, but did not report any difficulties in using the system once this was resolved and the system accessed. The most common suggestion for improvement to the user interface was to allow direct entry of the dates for baseline data rather than using drop-down menus. Two participants suggested enabling the user to save incomplete baseline data. This slows data entry down somewhat but would enable the user to return to complete inputting the data. These suggestions are being implemented. There were no reports of any difficulty understanding the RDI report and almost three quarters of participating physicians found it easy or very easy to understand. Two participants suggested adding warnings over drugs that do not constitute absolute contraindications. In response to this, the new system under development will enable users to rule out drugs from the modeling for any reason including issues of access, concerns over tolerability or, for example, physician or patient preferences.
The majority of participants found the system satisfactory or better in terms of its usefulness in making a treatment decision. Nevertheless, seven participants did not. Four of these had quite straightforward cases in terms of resistance-two of these physicians explicitly commented that this was why they did not find the system useful. The remaining five physicians all cited the need to update the drugs/regimens used in the system as the reason for its limited utility.
All but one of the physician participants indicated that they would use the system, one third of them frequently or very frequently and approximately half sometimes. The one participant who indicated that they would not use the system had cases with very straightforward genotypes and their main suggestion for improvement was the inclusion of newer drugs. By far the most frequent descriptions of the type of patient that participants would use the system for were highly treatment-experienced patients (six physicians) and those with extensive or complex resistance patterns (nine physicians).
Having established that the system is easy to use, likely to change treatment decisions and to be used in practice it is important to examine whether such changes might be beneficial to patient care. We have previously established the accuracy of the models in predicting virologic response and the results of this study demonstrate that the predicted responses for the physicians' final treatment selections were significantly better than for their original selections in cases where the treatment decision was changed. More marked was the difference between the prediction for the physicians' original treatment selections and the best of the alternatives presented on the RDI report. This was highly 
34
LARDER ET AL.
significant across all the cases. While some of the differences in the predicted virologic responses observed were modest, the models appear to be at least as good as, if not better than HIV-experienced physicians in identifying effective regimens, suggesting that the system could be of benefit not only for difficult cases with complex patterns of resistance, but more generally for less experienced physicians. The number of drugs in the final regimen was reduced slightly (À0.13) and not significantly from the number in the physician's initial selection. The number of drugs in the best of the RDI alternatives, however, was more substantially and statistically significantly reduced, by approximately one third of a drug. In Study 1, the prospective study, the reduction in the number of drugs was particularly marked at À0.6 and À0.8 drugs per regimen for the physician's final decision and the top RDI recommendation respectively. These results, considered together with the fact the physicians switched to one of the RDI alternatives in only 13% of cases where the decision was changed, suggest that more direct use of the system in a prospective setting has the potential to produce greater benefits in terms of virologic responses and the reduction in the number of drugs used than was observed here. The studies reported here have a number of limitations. The first is that Study 2 used retrospective cases. The physicians allocated these cases were, therefore, not making real treatment decisions for their patients in real time, which may have affected their decision-making. It also prevented any follow-up after the final treatment decisions had been made.
There were two significant limitations to the models in this system. First, as already discussed they were developed at a time when there were insufficient long-term follow-up data on etravirine, raltegravir, and maraviroc (all of which were being used with increasing frequency at the time the studies were recruiting) to include these drugs in the models' predictions. This resulted in the early termination of the prospective pilot study. Another limitation of the models is that they were trained to predict the change in viral load from baseline, which reflected the fact that most heavily pretreated patients at the time that the data were collected for training the models were not achieving complete virologic suppression. However, when these studies were run, this situation had changed and the great majority of patients were achieving viral suppression following a treatment change. This may have limited the apparent differences between the predicted responses for the physicians' initial and final choices and the RDI alternatives. The RDI has since developed models that predict the probability of achieving a viral load below a certain limit, for example 50 copies HIV RNA per milliliter, which is in line with the current objective of HIV treatment.
Notwithstanding these limitations, this is the first clinical evaluation of this approach and the encouraging results indicate that the system is easy to use and has the potential to provide significant benefits in terms of the simplicity and acceptability of therapy, the virologic response to that therapy and its cost. The results indicate that further development and clinical study of the RDI system is warranted. In the meantime, an updated version of the system incorporating suggestions made by physicians in these studies is being made available as an experimental tool and a version that does not require genotypic resistance information is in development for resource-limited settings where these assays are not available. 21 
